ABSTRACT In poultry, fowl adenovirus (FAdV) and immunosuppressive virus co-infection is likely to cause decreased egg production, inclusion body hepatitis, and pericardial effusion syndrome. In this study, fowl adenovirus infection was found in parental and descendent generations of chickens. We used quantitative polymerase chain reaction (PCR) and dot blot hybridization to detect the infection of reticuloendotheliosis (REV), avian leukosis virus (ALV), and chicken infectious anemia virus (CIAV) in 480 plasma samples. The test samples were 34.58% FADV-positive, 22.29% REV-positive, 7.5% CAV-positive, and 0.63% ALV-positive. Sequence analysis showed that FADV belonged to serotype 7, which can cause inclusion body hepatitis. The ALV strain was ALV-A, in which the homology of gp85 gene and SDAU09C1 was 97.3%. The positive rate was lower because of the purification of avian leukemia, whereas the phylogenetic tree analysis of REV showed that the highest homology was with IBD-C1605, which was derived from a vaccine isolate. Through pathogen detection in poultry we present, to our knowledge, the first discovery of fowl adenovirus type 7 infection in parental chickens and found that there was co-infection of FAdV and several immunosuppressive viruses, such as the purified ALV and CIAV. This indicates that multiple infection of different viruses is ever-present, and more attention should be given in the diagnosis process.
INTRODUCTION
In the poultry industry, especially in layer breeder flocks, vertically transmitted viruses, such as avian leukosis virus (ALV), chicken infectious anemia virus (CIAV), reticuloendotheliosis (REV), and fowl adenovirus (FAdV), present the greatest cause for concern (Natesan et al., 2006; Craig et al., 2009; Kim et al., 2010; Payne and Nair, 2012; Pandiri et al., 2012; Wei et al., 2012; Zhang et al., 2013; Zeng et al., 2014; Dong et al., 2015; Malhotra et al., 2015; Woźniakowski et al., 2015) . All these viruses can induce severe immunosuppression and other symptoms to infected chicks, but the egg drop syndrome virus (EDSV) and inclusion-body hepatitis-hydropericardium syndrome (IBH-HPS) caused by FAdV are the most severe problems at present in China.
C 2018 Poultry Science Association Inc. Received October 15, 2017. 1 These authors contributed equally to this work. 2 Corresponding author: zzcui@sdau.edu.cn; changshuang81@126. com; zhaopeng@sdau.edu.cn Since June 2015, IBH-HPS caused by FAdV has occurred in many chicken flocks in different Chinese provinces (Zhang et al., 2016; Liu et al., 2016; Chen et al., 2017; Pan et al., 2017) . FAdV, belonging to the Adenoviridae family, is divided into 3 groups. Group I fowl adenovirus can be divided into 5 species with 12 serotypes (FAdV1-7, 8a, 8b, 9-FAdV11) based on a common group antigen, which can lead to fowl with inclusion body hepatitis (IBH), hydropericardium syndrome (HPS), and gizzard erosion (GE) (Cheema et al., 1989; Abe et al., 1998) ; groups II and III of FAdV are turkey hemorrhagic enteritis virus (HEV) and EDSV, respectively. Generally, the pathogenicity of FAdV is opportunistic. Pathogenesis studies of FAdV have identified synergism with CIAV or that prior immunosuppression is necessary to produce IBH-HPS in chickens (Toro et al., 1999) .
In 2017, the laying rate of a large-scale poultry farm declined almost 20% after artificial insemination, with the symptoms of suspected inclusion body hepatitis, which caused huge economic losses. Therefore, we conducted a molecular investigation of co-infection of 4 vertically transmitted viruses in the same farm. 
MATERIALS AND METHODS

Sample Source
Sporadic cases of suspected inclusion body hepatitis, which occurred among commercial flocks with lower laying ability, were diagnosed as FAdV. In the investigation of whether the FAdV-infected flocks were infected from other viruses with vertical transmission, we found that the parental and protospecies flocks also experienced a serious decline in egg production. The flocks had not been vaccinated with vaccines for FAdV. Therefore, 240 plasma samples from 282-day-old protospecies and 240 plasma samples from 303-day-old parental flocks were collected to determine the circumstances of multiple infection.
Taqman Real-Time Quantitative Polymerase Chain Reaction (qPCR)
DNA from the plasma samples was extracted by using a DNA Extraction Kit (Omega Bio-Tek, Norcross, GA) in accordance with the manufacturer's instructions. FAdV, REV, CAV, ALV-A/B, and ALV-J were detected by quantitative polymerase chain reaction (qPCR) analysis of the previously extracted DNA, with sterilized water and DNA from specific pathogenfree (SPF) chickens used as the negative control (Zhou et al., 2011; Qin et al., 2013; Luan et al., 2016; Ren et al., 2016; Wang et al., 2017) .
Dot Blot
The conserved regions of LTR of ALV, pol of REV, and hexon of FAdV were designed and synthesized as the probes by using the PCR DIG probe synthesis kit (Roche Diagnostics USA, Indianapolis, IN) in accordance with the manufacturer's instructions. The conventional PCR reaction performed with the same templates were set as the samples to be tested. The dot blots were performed as described in the specifications of the DIG nucleic acid detection kit (Roche Diagnostics USA).
Amplification, Cloning, and Sequencing
Based on the FAdV, REV, and ALV genome sequences published in Genbank, one pair of primers was designed to amplify the hexon gene of all serotypes of FAdV and 2 pairs of primers targeted to the env genes of REV and ALV were designed by using Primer 5.0 ( Table 1 ). All primers were synthesized by Shanghai Sangon Biotech Co., Ltd.
Lymphocytes were isolated from the 480 whole blood samples and DNA was extracted by a DNA nucleic acid extraction kit (Omega Bio-Tek) in accordance with the manufacturer's instructions. The corresponding DNA fragment or the pre-viral cDNA from infected cells was amplified. The PCR conditions were as follows: initial denaturation for 5 min at 95
• C, 31 cycles at 95
• C for 30 s, 55
• C for 30 s, and 72
• C for 80 s for FAdV (or 120 s for REV and 150 s for ALV) and a final extension step of 10 min at 72
• C. The PCR products were visualized on 1% agarose gels. The target band was recovered and purified by using a Gel Extraction Kit (Omega Bio-Tek) and ligated into the pMD-18T vector (TaKaRa, Tokyo, Japan), which was then transformed into competent cells of Escherichia coli DH5α. A minimum of 3 positive clones were randomly selected and sequenced by Shanghai Sangon Biotech Co., Ltd. (Shanghai, China).
All reference sequences used in the study are shown in Table 2 . The sequences were edited by the sequence analysis software Lasergene 7.1 (DNASTAR Inc., Madison, WI). The phylogenetic tree was generated by the neighbor-joining method using MEGA5.1 (Kumar et al., 2004) . Bootstrap values were calculated from 1000 replicates of the alignment.
RESULTS
Clinicopathological Observation
In commercial laying hens, sporadic cases of hepatomegaly and yellow lesions were identified at autopsy. The histopathological analysis indicated focal necrosis and intranuclear inclusion body hepatitis in hepatic cells (Figure 1) . The parental and protospecies flocks experienced a serious decline in egg production, as shown by tracing their provenance.
Detection of Exogenous Viruses by qPCR and Dot Blot
Conventional PCR methods can observe a specific band when 10 4 copies of viral nucleic acid are present, but qPCR has a sensitivity approximately 100 times higher than that of normal PCR. Therefore, we tested 480 samples by using qPCR. The results revealed 166 FAdV-positive samples, 107 REV-positive samples, 36 CAV-positive samples, and 3 ALV-A-positive samples (Table 3 ). In the FADV-positive samples, most chickens were infected with one other virus in the sample; but there was a small proportion of chickens infected with 2 or more viruses in a sample. In conclusion, protospecies and parental breeding birds were both infected by FAdV, REV, and CAV, but ALV only infected the parental breeding birds. The samples positive for REV, CAV, and ALV were rechecked by using a dot blot, which confirmed the qPCR results (Figure 2 ).
Sequence Analysis of Hexon Gene of the Isolated FAdV
Ten samples from 166 FAdV-positive chickens were randomly selected for the amplification of the main antigen to the hexon gene and the subsequent sequence analysis. By using the homology and phylogenetic tree analysis of the L1 loop L1 region of the hexon gene, 99% homology was found between the isolates and fowl adenovirus serotype 7; all fowl adenoviruses isolated in the farm were in the same branch as serotype 7 (Figure 3) , which can cause inclusion body hepatitis.
Sequence Analysis of REV and ALV-A
Six strains of REV from 107 REV-positive chickens were selected and sequenced. The env gene of REV from the isolated virus was on the same branch as GD1210 and IBD-C1605, with homologies of 99.8% (Figure 4) . Although only 3 strains of ALV were isolated and sequenced in the parental breeding birds, the analysis of the phylogenetic tree found that all the 3 ALV strains belonged to subgroup A and had the highest homology with SDAU09C1 ( Figure 5 ).
DISCUSSION
Group I fowl adenovirus infection is not a frequently occurring disease, but erupts simultaneously in the presence of stress and other pathogenic infections (Hess, 2000) . Owing to the vertical transmission of fowl adenovirus, commercial chickens with FAdV can be traced back to the breeding birds. This study focused on the identification and co-infection of a fowl adenovirus field strain isolated from parental chickens stemming from inclusion body hepatitis in the commercial chickens. At present, the predominant fowl adenovirus strain in China is type C4, which can cause hydropericardium syndrome (Abe et al., 1998; Hess et al., 1999; Balamurugan et al., 2002; Mase et al., 2010; Liu et al., 2016) . Fowl adenovirus D or E could induce IBH in geographically distinct regions, which mainly consists of serotypes 2, 3, 6, 7, 8a, 8b, 9, and 11 (Erny et al., 1991; Alvarado et al., 2007; Ojkic et al., 2008; Marek et al., 2010; Steer et al., 2011; Kaján et al., 2013) . FAdV-7 plays a major role in the etiology of IBH, a prominent disease in broiler and layer chickens. However, there have been no reports of fowl adenovirus type 7 infection in China and the most recent report was found in the intestines of a chicken infected with Marek's disease in Poland (Niczyporuk, 2017) .
First, all the samples were analyzed by Taqman realtime quantitative PCR and dot blot, as previously described (Zhou et al., 2011; Luan et al., 2016; Ren et al., 2016; Wang et al., 2017) . Subsequently, 166 positive samples of fowl adenovirus were analyzed by this method, which was confirmed as FAdV-7 infection through the analysis of nucleic acid and amino acid sequence and histopathological changes. By tracing the origin of the commodity generation of laying hens with inclusion body hepatitis, the prevalence of fowl adenovirus type 7 in the parental and protospecies flocks was detected. Previous studies have reported that coinfection with immunosuppressive viruses can promote the pathogenesis of fowl adenoviruses. Therefore, the circumstances of multiple co-infections were determined by dot blot and PCR combined sequencing. These results revealed that REV, CIAV, and ALV-A were concurrent in the flocks.
The env gene of REV was cloned and sequenced; the homology in the REV strain infected in the flocks with GD1210 and IBD-C1605 isolated from vaccine was as high as 99.8%. They were also in a separate branch in the phylogenetic tree. Whether the prevalence of REV is correlated to the use of an attenuated vaccine that contaminated REV remains to be verified. The detection method has directly determined the infection of ALV was subgroup A, which has the highest homology (97.3%) with SDAU09C1. ALV-A is the classic subgroup of ALV. These viruses should already exist in chicken flocks, but after the implementation of purification, ALV-A has continuously decreased.
The increased number of fowl adenovirus infections in recent years has raised concerns in poultry production. Therefore, the efficient detection of fowl adenovirus infection has become an extremely urgent mission. Vaccines are available for the prevention and control of fowl adenoviruses. However, it is also necessary to simultaneously provide maternal antibodies to chicks. To our knowledge, this is the first report to describe the characteristics of FAdV-7 strains isolated in parental chickens in China and the circumstances of co-infection with different immunosuppressive viruses.
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